Abstract-This paper evaluates the level of interference caused by different ultra-wideband (UWB) signals to other various radio systems, as well as the performance degradation of UWB systems in the presence of narrowband interference and pulsed jamming. The in-band interference caused by a selection of UWB signals is calculated at GSM900, UMTS/wideband code-division multiple-access (WCDMA), and global position system (GPS) frequency bands as a function of the UWB pulsewidth. Several short-pulse waveforms, based on the Gaussian pulse, can be used to generate UWB transmission. The two UWB system concepts studied here are time hopping and direct sequence spread spectrum. Baseband binary pulse amplitude modulation is used as the data modulation scheme. Proper selection of pulse waveform and pulsewidth allows one to avoid some rejected frequency bands up to a certain limit. However, the pulse shape is also intertwined with the data rate demands. If short-pulses are used in UWB communication the high-pass filtered waveforms are preferred according to the results. The use of long pulses, however, favors the generic Gaussian waveform instead. An UWB system suffers most from narrowband systems if the narrowband interference and the nominal center frequency of the UWB signal overlap. This is proved by bit-error rate simulations in an additive white Gaussian noise (AWGN) channel with interference at global system for mobile communication (GSM) and UMTS/WCDMA frequencies.
time-hopping (TH), direct-sequence (DS) spread-spectrum approaches, fast frequency sweeping, or multicarrier techniques. In this paper, we study the UWB techniques based both on TH and DS. The data modulation schemes most often used in UWB systems are pulse position modulation (PPM) and pulse amplitude modulation (PAM). Probably the best known UWB system for data communication is so called impulse radio (IR) that utilizes TH-PPM [2] .
Pulsed UWB signal is generated by using sub-nanosecond pulses that spread the signal energy over on extremely wide frequency band. One data bit is spread over multiple pulses, and a train of base-band pulses is sent through the radio channel. This spreading corresponds to pulse repetition coding, which gives processing gain, allowing low signal-to-noise ratios (SNRs) and avoiding interference or jamming at the receiver-end.
User separation in UWB systems can be done using independent pseudorandom (PR) codes for each user, similar to code-division multiple-access (CDMA) systems. Discontinuous transmission in TH UWB systems, also gives robustness against severe multipath propagation. As long as the pulse repetition interval is larger than the delay spread of the channel, interpulse interference can be avoided.
The preliminary approval of UWB technology made by FCC reserves the frequency band between 3.1 and 10. 6 GHz for indoor UWB communication systems [1] . Since this work has been carried out before the FCC approval, the frequency bands for the studied UWB transmission go beyond the limits.
In this paper, we have studied the in-band interference power caused by different kinds of UWB signals at some predefined frequency bands. The interference levels are studied as functions of the UWB pulsewidth at the frequency bands of GSM900, UMTS/WCDMA, and GPS. The pulsewidth of an UWB system depends on the data rate and it is typically on the order of 1 ns or less. This study covers a selection of pulsewidths between 0.2 and 3.5 ns. Also, the UWB system performance degradation in additive white Gaussian noise (AWGN) channel in the presence of narrowband interference is studied. The interfering systems taken into account are GSM and UMTS/WCDMA.
The paper is organized as follows. First, Section II gives a short introduction to the UWB systems based on TH and DS concepts. Section III presents the numerical results for the in-band interference simulations in GSM, UMTS/WCDMA and GPS frequency bands. In Section IV, the effect of narrowband interference on the UWB system performance degradation are studied using GSM and UMTS/WCDMA systems as an interference source. Finally, the conclusions are given in Section V. 
II. UWB SYSTEM MODELS

A. Pulse Waveforms
The spectral properties of an UWB signal depend on the pulse waveform, as well as on the pulsewidth. The use of very narrow pulses spreads the transmitted signal energy to an extremely wide frequency band. In this paper, we have selected several pulse waveforms, based on the generic Gaussian pulse, for detailed study. The simplest one is the Gaussian pulse itself [2] . Two amplitude reversed Gaussian pulses with time gap between the pulses are used to form a bipolar signal called Gaussian doublet [3] . The other waveforms are high-pass filtered versions of the basic Gaussian pulse, simply modeled as higher derivatives of the generic pulse.
In time domain, the Gaussian pulse can be mathematically defined as (1) where is the standard deviation and is the mean value of the Gaussian distribution, respectively.
The effects of antennas can be modeled as a differentiation operation [4] , [5] . Therefore, the pulse waveforms in the channel are the first derivatives of the generated pulses. If a loop antenna is used the pulse waveform in the channel is the second derivative of the generated pulse [5] . The receiving antenna differentiates the received pulse waveform correspondingly. The generated pulse waveforms and the corresponding waveforms in the channel are presented in Fig. 1. Fig. 2 presents the corresponding spectra of the radiated pulses (in the example, ns). As one can notice from Fig. 2 , the generic Gaussian pulse and the Gaussian doublet have similar spectral envelopes. This is because they have the same basic pulse waveform. However, with the doublet, regular nulls in the frequency domain emerge. The null separation on the frequency axis is inversely proportional to the pulse separation within the doublet. All pulse waveforms used here have asymmetric spectra about the center frequency which is assumed to be the frequency having the maximum power level. Table I expresses the relationships between the pulsewidth, the center frequency and the dB bandwidth for the used pulse waveforms.
B. System Concepts
The two UWB systems studied here are based on TH-UWB and on DS-UWB concepts. In both cases, one transmitted data bit is spread over multiple pulses to achieve a processing gain in reception due to repetition code.
The binary baseband pulse amplitude modulated (BPAM) information signal for the th user can be presented as (2) for TH and (3) for DS, where is the th data bit, is the th chip of the PR code, is the th code phase defined by the PR code, and is the pulse waveform. represents the number of pulses to be used per databit, is the chip length, and is the nominal pulse repetition interval. Both the PR code and the data are bipolar, thus having values . Bit length is in DS-UWB and in TH-UWB. Furthermore, in DS-UWB, we have . The ideas of TH-UWB and DS-UWB concepts are presented in Fig. 3 .
In TH-UWB systems, the PR code defines the transmission instants inside TH frames, for each user individually. In DS-UWB systems, one data bit is spread over multiple pulses using a PR code like in conventional DS spread spectrum concepts. The chip waveforms are shown in Fig. 1 . The pulse repetition interval (frame length) in TH-UWB is much longer than the pulsewidth . In this study, the PR code used is a bipolar maximum length code, unless otherwise stated. Because both of the UWB concepts use bipolar PR code and bipolar data, either the pulse, or its amplitude-reversed version, is transmitted to the channel.
A PR code is used to separate the users (CDMA) and to smooth the spectrum. If the pulse repetition interval in UWB system is fixed, line spectrum will arise. The separation between the consecutive spectral lines is inversely proportional to the pulse repetition interval. These spectral lines need to be avoided, in order to reduce the interference caused to other radio systems.
The data rate in UWB systems can be calculated as (4) If the number of transmitted pulses per data bit and the pulsewidth are fixed to the same values in both concepts, the data rate in TH concept is smaller than in DS, because . In DS-UWB, the pulse transmission is continuous, but in TH-UWB, there are silent periods between the consecutive pulses, as shown in Fig. 3 .
If the aim is, in both TH-UWB and DS-UWB concepts, to keep the pulsewidth and the data rate fixed at the same value less pulses need to be sent in TH than in DS. This has an effect on the single pulse power levels. In TH-UWB systems, if the energy of the data bit is fixed, the energy of a single pulse should be increased to maintain the whole system performance at the same level. The processing gain in both systems still remains the same, due to the extra processing gain from the low duty cycle in the TH-concept.
In UWB systems, the pulsewidth and the pulse waveform define the spectrum of the transmitted signal and not the data rate. This allows one to select the optimal waveform giving minimum interference at certain rejected frequency bands. The data rate of the system depends on the spreading factor and the pulse repetition interval, as noted by (4) . In DS-UWB systems, the pulsewidth is defined by the spreading factor (code length ), if the whole code period is used to send one data bit.
C. Simulation Assumptions
There are several approaches one can take when studying UWB system spectral coexistence. For example, the data rate of the studied system can be fixed. If the processing gain is kept the same, TH-UWB and DS-UWB have different pulsewidths. Thus, the systems are using different parts of the frequency spectrum. Moreover, the power of a single pulse in the TH system is higher than in the corresponding DS pulse.
In our approach, the bit energy and the spreading factor of the UWB concepts are fixed. The interference level is measured as a function of the pulsewidth from a "victim receiver" point of view and the UWB system performance is not considered in this context. This approach sets the spectra of the TH and DS systems to the same location in the frequency domain, and thus, the interference results are comparable.
The numerical results of the following sections represent worst case scenarios from the interference point of view. This is due to the fact that the effects of the radio channel (e.g., signal attenuation, multipath propagation) are not taken into account. Using these results, one can compare the relative ratio of the interference for different pulse waveforms, from the victim receiver's point of view. The plotted interfering powers can be interpreted as transmitted powers radiated straight after the transmitter antenna and measured using an ideal probe. The energy coupling from the transmitter antenna to the monitoring probe is assumed to be perfect, so that all the radiated energy will be detected. In real life, the interference is less, due to the signal attenuation in the radio channel and nonideal antenna coupling. When composing the UWB signal, one data bit is spread over pulses, and the pulse train is Fourier transformed to get the frequency-domain spectrum. The interfering power caused by an UWB signal is calculated from the amplitude spectrum inside a victim receiver's bandwidth using the formula (5) The frequency resolution of the amplitude spectrum is defined by the sample interval , and the number of points used in the fast Fourier transform (FFT) , as given by (6) The sample interval is defined by the frame structure, and the number of samples taken from the pulse waveform as preferred in the equation (7) where is the number of samples within the pulse, and takes the highest integer value that is smaller or equal than the operand. The number of taken FFT points in the Fourier transform can be defined using the equation (8) where
gives the number of frequency samples taken within the victim receiver's frequency band . The ratio between the calculated frequency samples and the FFT size needed is plotted in Fig. 4 .
is the limiting parameter during the simulations. Increasing , the computational demands are also increased. To achieve a high enough frequency resolution for reliable results, a large number of samples from the amplitude spectrum need to be taken. This enables a quite small spreading factor to be used in the case of GSM. The smaller the frequency resolution, the more FFT points are needed. In fact, 200-kHz GSM channel bandwidth leads to the FFT size of over 8 million to achieve the high-frequency resolution for the defined pulse train, as presented in Fig. 4 .
In all the cases studied, the total UWB power over one data bit is fixed to mW. The bit energy is evenly spread over the pulses corresponding to the databit. The temporary bandwidths of the interfering UWB signals both in TH-UWB and DS-UWB modes are equal because the corresponding s remain the same. The pulse power needed to satisfy a certain bit power assumption is a function of the pulse spreading factor . If is increased the pulse power can be decreased for an individual pulse. This means that less interference is generated to the other radio systems frequencies. 
III. IN-BAND INTERFERENCE CAUSED BY UWB TRANSMISSION
This section introduces the in-band interference calculation results at the following victim receiver bands: GSM900, UMTS/WCDMA, and GPS. A random physical channel in the middle of a victim system bandwidth has been selected for the interference calculations. The in-band interference power is calculated over the victim receiver's bandwidth.
In the simulations, a train of pulses is generated using random databits and a fixed pulse spreading factor. The pulse train is Fourier transformed to get the amplitude spectrum of the signal. The interference is calculated using the samples of the amplitude spectra of the transmitted UWB signal, as noted in (5) .
In this paper, the used pulsewidths cover the range from 0.2 to 3.5 ns (maximum). This corresponds to a center frequency range from 0.25 to 10 GHz depending on the pulse waveform used (see Table I ). All system assumptions are fixed during the same victim system study, so that the results are comparable.
A. UWB Interference at the GSM900 Bands
In the following, the in-band interference is studied from a GSM900 system point of view. GSM system utilizes a frequency division duplex (FDD). The uplink (UL) and the downlink (DL) bands in Europe are 890 915 and 935 960 MHz, respectively, and the channel bandwidth (physical channel) is 200 kHz [6] . Both the UL and the DL bands have been considered. The interference powers are calculated in the middle of both of the bands, and the results can be expanded to cover also the rest of the corresponding bands.
Results covering the interference study in GSM uplink can also be found from [7] . Those results are discussed here in more detail. Also, the DL band, which was not included in [7] , is also covered here.
The in-band interference power depends on the spectral allocation of the interfering UWB signal. This can be noticed from Figs. 5 and 6. When the pulsewidth changes, the spectral allocation of the corresponding waveform in the frequency domain also changes. For a certain pulsewidth, the UWB spectrum overlaps the GSM band and the interference level reaches a maximum value. When the UWB pulsewidth is increased, the spectrum moves toward lower frequencies. If the pulsewidth is long (narrow) enough, the spectrum is below (above) the victim system's frequency band and interference does not occur.
As it can be seen from Figs. 5 and 6, the shorter pulsewidths favor the waveforms having the higher "center frequency." The limit at which the pulse waveform should be changed from the third derivative of the Gaussian pulse to the basic Gaussian pulse is about 2 ns, if the UWB pulse is selected from the GSM interference point-of-view. The Gaussian doublet in the figures generates a spectral null at about 909 MHz and, thus interfering less at the GSM UL band than the corresponding DL band. Changing the time gap between the consecutive pulses within the doublet affects even the interference level.
The difference between TH-UWB and DS-UWB is not significant. In the TH-UWB simulations, a ns is used. Also, the difference between UL and DL bands is insignificant from the in-band interference point of view.
B. UWB Interference at the UMTS/WCDMA Bands
UMTS/WCDMA systems utilize two different duplexing concepts: frequency-division duplex (FDD) and time-division duplex (TDD). In the beginning of the UMTS commercialization, only FDD will be used [8] . UMTS FDD UL and DL bands are between GHz and GHz, respectively. There will be two separate TDD bands between GHz and GHz [8] . Next, the in-band interference power levels are calculated using the UMTS channel bandwidth
MHz. Fig. 7 shows the interference power level in three UMTS bands when the UWB system is utilizing a generic Gaussian pulse. Both the TH-UWB and DS-UWB interference in UMTS/WCDMA bands are studied also in [9] . The results show that, from the UMTS band point of view, there are no significant differences in the interference between TH and DS concepts with Gaussian pulses. Fig. 7 . In-band interference power caused by Gaussian pulse as a function of pulsewidth in UMTS bands. Fig. 8 . In-band interference power caused by four different pulse waveforms using a DS-UWB system in FDD-UL and FDD-DL bands. Fig. 8 shows the in-band interference power at UMTS FDD bands when the UWB system is based on DS, and four different pulse waveforms are used. The corresponding results for TH-UWB can be found in Fig. 9 .
The effect of the different pulse repetition intervals are also studied at the UMTS/WCDMA frequency bands. Despite the different line spectra caused by the different , the total in-band interference power seemed to be the same in all simulated cases, as the corresponding results from Fig. 7 show.
C. UWB Interference at the GPS Bands
In the GPS system case, the L1-band and L2-band were selected for the detailed study. L1-band is used to carry the navigation information signal and the ionospheric delay is measured using L2-band [10] . In the calculations, a precise code P(Y) at 1.575 GHz (L1) and 1.227 GHz (L2) has been assumed. The information bandwidth (main lobe) for both channels is 20 MHz, Fig. 9 . In-band interference power in FDD-UL and FDD-DL bands caused by four different pulse waveforms. UWB system is based on TH concept. due to the 10 MHz maximum length code used in GPS system as the spreading code. Fig. 10 shows the difference between TH and DS concepts when the interference power is calculated over the GPS L1-band [7] . The number of pulses used to transmit one data bit is the same in all the studied cases. The TH frame length is ns. The pulse separation ns in a doublet generates a spectral null at the L1-band. The effect can be seen as a smaller interference compared with the case where ns. The null separation in the latter case is 200 MHz, and there is no null at L1-band. In all cases studied, the DS concept causes less in-band interference power than the TH concept having the same system assumptions.
The corresponding results for GPS L2-band are presented in Fig. 11 . The figure presents the results for both TH and DS systems. The results from Fig. 11 correspond to the results from Fig. 10, but the maximum interference appears at the different pulsewidths, due to the difference between L1 and L2 frequency bands.
To achieve high data rates and accurate positioning capability in IR systems, the pulsewidths should be ns, or less. Keeping this in mind, the third derivative of the Gaussian pulse among the waveforms included in the study seems to be best choice from the interference point of view. This is valid for both L1-and L2-bands.
IV. NARROWBAND INTERFERENCE AGAINST UWB
In this section, we present a reverse coexistence study, with respect to the previous study, i.e., the interference is now coming from different narrowband systems (compared with the UWB system bandwidth) and its effect is shown by the study of the UWB system performance degradation.
The generated UWB pulse waveforms in the study are the Gaussian pulse and the second derivative of the Gaussian pulse. The pulse waveform in the channel is again the differentation of the generated pulse. The processing gain of the UWB system has been fixed to dB. The processing gain of TH-UWB is a combination of the pulse repetition coding and the low duty cycle. In DS-UWB, it is defined by the spreading factor (pulse repetition coding) only, as it can be noted in the following: The received UWB signal for the th user can be modeled by (10) where and represents the noise and the interference, respectively. The transmitted signal is defined by (2) or (3). At the receiver the signal is detected by a correlator, whose template waveform corresponds to the transmitted signal waveform. Correlation results are integrated over pulses in order to form the data bit. When the antennas are modeled as derivators (high-pass filters) the received waveforms after the RX-antenna are the second derivatives of the generated waveforms. The UWB system performance degradation in the presence of interference has been studied as a function of the SNR for several pulsewidths using a fixed total interference power level. Both TH and DS concepts have been implemented and the data modulation in UWB systems is BPAM, as in the earlier cases. No diversity methods at the reception are used. Perfect synchronization between the transmitter and the receiver is also assumed.
The simulation results are bit error rate (BER) curves as functions of both the desired UWB transmission SNR and of the total interfering power. The reference curve in the following figures is the theoretical upper bound limit for BPAM modulated signal in AWGN channel, which is also the upper bound performance limit for BPSK. The theoretical upper bound limit can be calculated using [11] ( 11) where is the bit energy, and the noise power spectral density.
A. Multitone Jamming at the GSM Band
First, the UWB system performance degradation is studied in the presence of multitone jamming at GSM900 bands [12] . In an AWGN channel, the multitone jamming is added to the propagating UWB signal. Both the GSM uplink and GSM downlink jamming cases were studied. The bandwidth of the GSM channel is only 200 kHz, a minor fraction of the UWB bandwidth. This allows us to model the GSM signal (physical channel) as a tone and without any modulation scheme to spread the spectrum. Ten independent interfering tones are used to describe the GSM signals. The physical channels 0 and 124 of the GSM system are always allocated, while the eight other channels are randomly selected inside the GSM band. This maximizes the jamming spectral allocation, while still offering reasonable simulation times. The GSM channel allocation for the eight tones is renewed each time the SNR is changed in the simulation. The random phases for each of the jamming tone signals are updated when the data bit is changed. Fig. 12 shows the BERs for the first derivative of the Gaussian pulse used in the TH-UWB and the DS-UWB systems. The legends in the figures define the corresponding radiated UWB signal waveform and system concept. Performance curves are presented for several pulsewidths suitable for high data rate UWB communication applications. The power of the UWB signal under interest is set to 0 dBm. The observed total interference power at the GSM bands at the receiver antenna is 15 dBm, in all cases. The jamming signal power is evenly distributed over the ten tones. This assumption yields a total signal-to-jamming ratio of dB. Corresponding results for the Gaussian third derivative as a radiated waveform are shown in Fig. 13 . The results show that the performance of the TH-UWB system is slightly better than the referred DS-UWB one. Our results express that the SNR difference between the concepts is about 0.5 dB dB to achieve the same performance. Comparing Figs. 12 and 13 to see the effect of the pulse waveform, one can notice that the Gaussian third derivative leads to better performances than the Gaussian first derivative when ns. This is valid for both TH-and DS-concepts. In Fig. 14 , the corresponding results for the Gaussian first derivative are calculated for the GSM UL band. Since the channel allocation between GSM uplink and downlink channels is small, the results correspond almost to the ones shown in Fig. 12 . However, some individual differences related to the different spectral allocation can be noticed.
If we compare the UWB signal spectra from Fig. 2 , one can notice that the signal level of the Gaussian pulse is about 15 dB higher than the signal of the second derivative of the Gaussian pulse in the GSM DL band. This suggests that the latter system tolerates 15 dB higher interference power, still achieving the same system performance. Generalizing this comparison, we conclude that the results discussed here can be applied to a broad range of interference levels by calculating the jamming margin directly from the spectrum of the pulse.
In general, the UWB system performance degrades when the pulsewidth increases. This roots from the spectral shape of the UWB signal. Gaussian first derivative with ns yields the center frequency at 1 GHz, which is close to the interference source. Respectively, Gaussian third derivative with ns yields MHz. Being a relatively narrowband interference around the vicinity of 950 MHz, the GSM downlink carrier resembles a pulse whose width is matched close to the UWB signal. By setting small enough, the UWB spectrum moves to the higher frequencies and eventually out of the range of the interfering frequency. This explains the improvement in the performances of the UWB system using narrow pulses. In the absence of jamming, all the curves in Figs. 12-14 would fall on the theoretical performance curve. Changing the center frequency of the narrowband interference, the performance results would be different.
Decreasing or increasing the order of the derivative of the radiated waveform, the power spectral density will be shifted toward higher frequencies, giving a larger jamming margin against GSM interference in both the TH-UWB and the DS-UWB systems.
B. Pulsed Jamming Interference at the UMTS FDD Bands
In this section, we discuss the UWB system performance under pulsed jamming interference at the UMTS/WCDMA bands in an AWGN channel. In this case, the UMTS frequency band is assumed to be fully loaded. This means that in the FDD band, the total interfering UMTS signal power is evenly spread over the 60-MHz band. Thus, the UMTS signals are modeled using a sinc wave having a rectangular spectrum with a 60-MHz bandwidth. As a matter of fact, even a single UMTS signal can be considered a narrowband signal in our study, since its bandwidth is much smaller that the one related to any UWB signal.
In Fig. 15 , the interference has been studied in the UMTS FDD DL band. Corresponding results for the UL band can be seen in Fig. 16 . In both cases, the first and the third derivatives of the Gaussian pulse (generated pulse waveforms) have been considered in the performance analysis. The observed total interference power is 10 dBm in all cases.
The results from Fig. 15 show that TH-UWB performs slightly better than DS-UWB, just as in GSM. This can be easily noticed when the interference starts to be negligible; TH-UWB performances are going to superimpose the theoretical curve, while DS-UWB ones remain slightly higher. The difference between the two systems is about 1 dB. A particular situation can be noticed using the first derivative of the Gaussian pulse, where the two systems perform in a similar fashion. Furthermore, by using longer pulses, the theoretical performance in AWGN channel can be reached. This is due to the fact that the UWB spectrum related to those longer pulses is shifted below the interfering frequencies. The BER degradation can be considered a linear function of the increasing interfering signal power.
According to the results, the performance is worst when the center frequency of the UWB pulse (shown in Table I ) overlaps the interfering signal band. This is valid for both the TH-UWB and DS-UWB systems.
The results also indicate that when longer pulses are transmitted, UWB system performance is better in the presence of UMTS/WCDMA interference if the first derivative of a Gaussian pulse is used rather than the third. High data rate applications demand short pulses; thus, the third derivative of the Gaussian pulse performs best, amongst the simulated waveforms. The same was noticed also in the GSM case. The difference in performance comes from the different spectral allocations, compared with the interfering UMTS signals. Considering the pulse waveforms in the channel, the center frequency of the third derivative of the Gaussian pulse is 1.73 times higher than the corresponding of the first one.
V. CONCLUSION
In this paper, in-band interference and jamming power, caused by several pulse waveforms generating UWB spectrum, have been studied. Also, performance degradation of an UWB system in an AWGN channel, in the presence of narrowband interference is presented. In the in-band interference study, the victim radio systems are UMTS/WCDMA, GSM900, and GPS. UWB systems under consideration are based on baseband binary-PAM modulation, utilizing both the TH and the DS concepts.
The results show that proper selection of UWB pulse waveform and width pave the way for spectral planning. UWB interference noticed by other RF systems depends on those selections. Using short pulses, interference in the frequency bands studied is the smallest if the pulse waveform is based on higher order Gaussian waveforms. On the other hand, long pulses favor the generic Gaussian pulse. According to the results, DS based UWB systems seem to interfere less than the corresponding TH systems in the GPS channel. The difference between TH-UWB and DS-UWB was insignificant on the other simulated frequency bands. Due to the assumptions of the study, the UWB data rates are different in the corresponding cases.
When the UWB system degradation is studied in the presence of an interfering and jamming radio system, results show that the system performance suffers most if the interference and the nominal center frequency of the UWB system are overlapping. Thus, the UWB performance depends on the pulse waveform and on the pulsewidth. When there is a demand for high data rates, short pulses should be used. Thus, in this case, the third derivative of the Gaussian pulse performs better than the first derivative. On the other hand, if the data rate demands are not so high, and long pulses can be used, lower order waveforms perform better. The degradation of the system performances is also a linear function of the increasing interference power.
Our future work will include different UWB system performances with multiband interference using real channel model [13] instead of AWGN channel. Also, other data modulation schemes than BPAM will be taken into account.
